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The final results of the MACRO experiment on the search for GUT supermassive magnetic monopoles in the 
penetrating cosmic radiation are presented and discussed. The 90% CL upper limits are at the level of 1.5 - 
2 x 10~ 16 cm" 2 s' 1 sr' 1 for 0.0004 </?<!. Similar limits were obtained for nuclearites. Limits for the MM 



catalysis of proton decay are at 3 — 4 x 10 



One of the primary aims of the MACRO de- 
tector at the Gran Sasso lab. (at an average 
depth of 3700 mwe) was the search in the pen- 
etrating cosmic radiation for the supermassive 
magnetic monopoles (MMs) predicted by Grand 
Unified Theories of the electroweak and strong 
interactions; the search was planned for a sen- 
sitivity level well below the Parker bound (~ 
10 -15 cmr 2 s _1 sr^ 1 ) and for a large range of 
velocities, 4 • 10~ 5 < /? < 1, j3= v/c. 

MACRO used three different types of detec- 
tors: liquid scintillators, limited steamer tubes 
and nuclear track detectors (NTDs; CR39 and 
Lexan) arranged in a closed-box modular struc- 
ture, divided into a lower and an upper ( "Attico" ) 
part. The overall dimensions of the apparatus 
were 76.5 x 12 x 9.3 to 3 . MACRO took data from 
early 1989 till december 2000 [1]. 

The response of the three types of detectors to 
slow and fast particles was experimentally stud- 
ied [2 - 4] . The use of three types of subdetectors 
with redundant electronics, in stand alone and 
combined modes, ensured redundancy of informa- 
tion, cross-checks and indipendent signatures for 



*See ref. 1 for the list of MACRO collaborators and Insti- 
tutions 



for 10~ 4 < j3 < 6 • 10" 



possible MM candidates; it also allowed to cover 
the complete f3 — range, 4 x 10~ 5 — 1. 

The searches performed with the liquid scintil- 
lator subdetector used different specialized trig- 
gers to cover the 10~ 4 < (3 < 4 x 10~ 2 range [2]; 
a custom made 200 MHz wave form digitizer was 
used for the lower (3 — range, while the PHRASE 
system was used in the intermediate (3 — range. 

The searches performed in the low (3 — region 
with the limited streamer tubes were based on the 
search for single tracks and on the measurement 
of the velocity by means of a "time track" [3]. 

The searches with the CR39 NTDs required 
chemical etching of each individual sheet (24.5 x 
24.5x0.14 cm 3 ), double scannings, measurements 
and eventual cross checks with other sheets of the 
same module. We analized 845.5 m 2 of sheets, ex- 
posed for an average time of 9.5 y [4]. 

Combined analyses with 2 or 3 types of detec- 
tors were performed as described in ref. [5]. 

No MM candidate was found; the obtained lim- 
its were presented and discussed at many confer- 
ences and compared with other results [6] [7] . 

Fig. 1 shows the 90% C.L. flux upper lim- 
its for g = go MMs (one unit Dirac magnetic 
charge) obtained by indipendent methods. The 
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final limit, computed by combining the indipen- 
dent limits obtained by the different analyses, is 
shown in Figs. 1 and 2; the MACRO limit is 
compared with previous limits in Fig. 2 [8] . 
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Figure 1. 90% C.L. upper limits vs (3 for an isotropic 
flux of MMs obtained from different searches with the 
3 subdetectors (both in stand alone and combined 
ways), and the MACRO global limit. 
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Figure 2. The global MACRO MM upper limit com- 
pared with limits from other experiments [8]. 

Fig. 3 shows the flux upper limits obtained 
with the CR39 nuclear track detector for MMs 
with different magnetic charges, g — go, 2gD, 
3<7d and for M + p composites. 

The interaction of the GUT monopole core 
with a nucleon can lead to a reaction in which 
the nucleon decays (monopole catalysis of nucleon 
decay), f. e. M + p -> M + e+ + tt° [9]. The 
cross section for this process is of the order of the 




Figure 3. Upper limits (90% C.L.) for an isotropic 
flux of MMs obtained with the CR39 subdetector 
of MACRO, for poles with magnetic charge g — 
go, 2gD, 3gD and for M+p composites. 
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Figure 4. Upper limits for a MM flux as a function of 
the MM velocity for various catalysis cross sections. 

core size, a ~ 10 _56 cm 2 , practically negligible. 
But the catalysis process could proceed via the 
Rubakov-Callan mechanism with a cross section 
of the order of the strong interaction cross sec- 
tion [10]. We developed a dedicated analysis pro- 
cedure aiming to detect nucleon decays induced 
by the passage of a GUT MM in our streamer 
tube system. The flux upper limit results of this 
search as a function of the MM velocity and of 
the catalysis cross section is shown in Fig. 4 [11]. 

MMs with intermediate masses, 10 5 < rau < 
10 12 GeV, could be present in the cosmic radi- 
ation; underground and underwater experiments 
have a limited sensitivity to such MMs. 
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Figure 5. The 90% C.L. upper limits for an isotropic 
flux of nuclearites obtained with the liquid scintilla- 
tors (WFD and PHRASE) and the CR39 subdetec- 
tors. The bottom line is the MACRO global limit. 
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Figure 6. The MACRO flux upper limit for nucle- 
arites with f3 = 10~ 3 at ground level vs nuclearite 
mass, compared with those obtained by other exper- 
iments and with the dark matter bound. 

As a byproduct of our scintillator and nuclear 
track detector searches, we obtained upper lim- 
its for a flux of nuclearites and of Q-balls in the 
penetrating cosmic radiation. 

Nuclearites (Strangelets, Strange Quark Mat- 
ter) should consist of aggregates of u, d and s 
quarks in almost equal proportion. They could 
have been produced shortly after the Big Bang 
or in violent astrophysical processes, and may 
have survived as remnants; they could be part 
of the cold dark matter and would have typical 
galactic velocities, (3 ~ 10~ 3 . They should yield 
a large amount of light in scintillators and large 
Restricted Energy Losses in the nuclear track de- 
tectors. Fig. 5 shows our upper limits for an 



isotropic flux of nuclearites obtained with the 
scintillator and the CR39 subdetectors; also the 
MACRO combined limit is shown [12]. Fig. 6 
shows a compilation of limits for a flux of nu- 
clearites compared with the dark matter limit, 
assuming a velocity at ground level of f3 = 10~ 3 . 

Q-balls should be aggregates of squarks q, slep- 
tons I and Higgs fields [13]. The scalar condensate 
inside a Q-ball core should have a global baryon 
number Q. There could exist neutral and charged 
Q-balls and they could be possible cold dark mat- 
ter candidates. Charged Q-balls could have been 
detected, with reduced sensitivity, by our scintil- 
lators and nuclear track detectors. 

In conclusion, we have presented the fi- 
nal results of the MACRO searches for super- 
heavy MMs in the penetrating cosmic radia- 
tion. The flux limits are at the level of 1 — 2 x 
HT 16 cm" 2 s- 1 sr' 1 for (3 > 4 x 1CT 5 . The ob- 
tained limits are the best existing and cover the 
widest j3 — range. It will be difficult to do much 
better since one would require detectors of much 
larger areas. 

Similar considerations apply to massive nucle- 
arites with f3 ~ 10~ 3 and to charged Q-balls. 

I thank the colleagues of the MACRO collabo- 
ration, in particular those from Bologna. I thank 
ms. Anastasia Casoni for her cooperation. 
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